Abstract. This review surveys the behaviour d graphite under loading conditions in which the stressing is on the whole tensile. The performance of a recently introduced model of graphite failure is reviewed in relation to the modeis from which it was developed, and against data obtained from a wide range of experiments on the failure and deformation properties of graphite In tension and bend. The new model represents, to some extent, an amalgamation of two earlier models, which in themselves are only capable of describing graphite behaviour io a limited extent. It is demonstrated to be very successful in describing a wide range of experimental failure behaviour of MT pitch coke and IM1-24 graphites in tensile and three-and four-point bend stress states. The introduction of nonconservative micrastructural processes allows strain hysteresis to be predicted. Furthermore, H is demonstrated that such processes may be associated with a component of acoustic emission which, together with a further component attributed to pore extension by cracking, account for the experimentally ObseNed frequency and energy d events from tensile stressed specimens. The possible extension d the new model, for instance to include the effects of fast neutron irradlailon and radiolytic oxidation experienced in a nuclear reactor environment or to allow its use in finite element stress analysis, is discussed.
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introduction
British commercial gas-cooled nuclear reactors make use of graphite both as a structural material and as a moderator to thermalize fast neutrons from the fission process. In both the Magnox and advanced gas cooled reactors (CAGRS) the core consists of a lattice of interlocking graphite bricks and keys. During the operation of such a reactor this structure is required to respond to thermally induced movements of the core support and restraint steelwork. In doing so the core lattice must retain the geometty of vertical channels machined into the bricks and passing through consecutive layers, so that the raking and lowering of fuel elements and control rods is not impeded. It is therefore necessaly that the graphite components have suficient strength to withstand the loads associated with the interactions between the graphite bricks which accompany the thermally induced movements, wen in their irradiated state.
In ~A G R S graphite is also used as a sleeve for the fuel elements which must remain intact to maintain the configuration of the fuel pins, and also to ensure there is no diversion of coolant gas which could lead to fuel overheating.
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Types of graphite may be characterized by their microstructure, as illustrated in figure 1. There are three types of graphite used in the nuclear reactors named above, namely Pile grade A in the Magnox core and IM1-24 and VFT pitch coke for the core and fuel sleeves respectively in CAGRS, each having distinct mechanical properties.
In assessing the integrity of any graphite components which have a structural function, such as in a reactor core, it is essential to have a means of predicting their inservice performance. 'RI do this, there are two important considerations to be taken into account. Firstly, the response of the material to the different loadings it needs to withstand must be considered, and, as in the case of reactor core bricks and fuel sleeves, these can give rise to a complex distribution of stress. Secondly, allowance must be made for the changes in mechanical properties of the graphite as time proceeds, such as those caused by fast neutron irradiation and radiolytic corrosion in reactor components. It is usually not possible to test the component under in-service and latein-life conditions, as is certainly the case with reactor core components, and much reliance has therefore to be placed on the results of small specimen testing, feeding these into mathematical models of the in-service condition of interest. Tb maximize confidence in such modelling it is important first to be able to model the test behaviour correctly. This review addresses part of this problem, namely of modelling the mechanical response of virgin, asmanufactured graphite to different loadings. As this graphite is much weaker in tension than in compression, attention will be focused on the various experimental loading situations for which details are available and in which some part of the graphite sample is subject to tensile stress.
A number of models are discussed and their performance assessed against a wide range of data on graphite strength, deformation under stress and associated acoustic emission. Unfortunately, of the various theories of failure in polycrystalline graphite that have been proposed, few perform well in more than one loading situation, and most are unable to take features such as acoustic emission behaviour and the nonlinear deformation of graphites into account. This review compares the performance of existing models with that of a new model, which is more physically based in an attempt to make it applicable to as wide a range of loading situations as possible.
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There are two microstructural features of polycrystalline graphite that will affect how easily the material will fail. Firstly there is the porosity, for which geometry, size distribution and density should be of importance, especially in crack initiation. Then there is the polycrystalline mosaic, the texture of which would be expected to dictate the likelihood of growth of initiated cracks. Models of graphite failure have tended either to concentrate on the effect of just one of these two features, or to ignore them both and treat the material as a continuum. The performance of six such models has recently been reviewed by Thcker et d [I] , applying each to a comprehensive range of experimental data. Three of the models treated the graphite as an elastic continuum, each assuming failure to occur when the maximum stress, maximum strain or elastic strain energy density reached a critical value for a region of tensile stress. The fourth model was the Weibull theory which, although not explicitly microstructural, assumes il variation of strength within the material, and hence acknowledges the existence of 'defects'. The fifth, the 'fracture mechanics model', assumes that the defect structure of graphite can be represented by a single crack at the position of highest stress in an otherwise elastic continuum. Finally, a model developed by Rose and Tucker considers the cumulative effect of grain cleavage under the resolved tensile stress, raising the failure prohability as the load increases.
As a result of the review, n c k e r e1 al [l] concluded that with a vicw to developing further models, purely continuum approaches are very restricted in their usefulness and should not be pursued, and that the nonphysical Weibull model was markedly less successful than the remaining two, which were based explicitly on microstructural detail. Furthermore, it was found that the fracture mechanics model and the model of Rose and 'hcker were largely complementary in their successful description of experimental data. It was therefore suggested that a model incorporating the fundamental features of both these approaches might perform particularly well.
It was this proposal that led to a new model formulated by Burchell and lhcker 121. The physics of this model was such that, as well as having the capacity to predict the statistics of failure for a specimen under stress, it had, in principle, the potential to predict sub-critical behaviour such as strain and acoustic emission.
However, it was immediately apparent that it failed to predict many of the features which are observable in both strain and acoustic emission experiments. These missing features can only he taken into account by additional microstructural processes in the stressed polycrystal-an approach taken in a new model devcloped by McLachlan and n c k e r [3].
The aim of this review is to compare the performance of the newly developed model against experimental data and to rank it with its parent models, namely those of fracture mechanics and Rose and lhcker. and 'hcker will hereafter be referred to as models 4 B and C respectively.
Model descriptions
Before embarking on a critical review of these models we consider their essential features.
Fracture mechanics model
This model, as described by Tbcker el ai [I] , involves examining the failure criterion for a Grifiith crack placed at its most damaging position in a stressed specimen. The crack is of such a characteristic size as to be representative of the combination of pores and weak grains comprising the graphite that cleaves easily under stress, and is assumed to be located within the specimen at the position where it is most likely to propagate under the prevailing load. Figure 2 indicates schematically the correspondence between the model and the microstructure. Since the microstructure of different graphites vary, the size of the representative Griffith crack is a property of the graphite under consideration. Thus, although this model is able to reflect the degree of crack-like defects found in any particular gaphite, and takes account of their effect on the prevailing stress field, it fails to deal with other microstructural processes within a graphite which contribute to the fracture and deformation processes. figure 3 , having associated grain orientations belonging to a known distribution, assumed to be random in the calculations presented here. Any one of these is deemed to have failed by cleavage under stress when the component of the tensile stress field resolved normal to its crystallite basal planes exceeds a critical value. In this manner, each cube has an associated probability of failure in a given stress field which is equal to the fraction of possible orientations for which such cleavage would occur.
When considering stressed specimens, the sample is divided into cubes in layers perpendicular to the local tensile stress field through which a single crack might ultimately develop. The probability of specimen failure is the probability of a layer having sufficient contiguous failed grains such that when these are treated as a single crack, they satisfy the Griffith criterion for failure.
As well as representing the existence of discrete grains, this model takes account of the presence of porosity by assigning zero strength to an appropriate fraction of the grains in the array representing the graphite. The model thus attempts to describe the effects of average grain size, orientation distribution and the presence of porosity. However it does not consider the stress raising properties of an indigenous pore and the possihility that this would cause preferential cleavage in its immediate vicinity.
2.3. Model B (Bumhell and lhcker)
As already mentioned, a model embodying the fundamentals of both the fracture mechanics and model A approaches has been proposed by Burchell and lhcker Illustrated in figure 4 , this model makes use of the same cubic array of randomly oriented grains, or pores, as model A However, the cleavage of the component grains is considered exclusively in the highly stressed region adjacent to the pores and in this sense the process of defect growth and combination, which is the processes that must be occurring ahead of the crack tip. It A pore is treated as a crack-like defect, its plane being oriented perpendicular to the local tensile stress field and its length being equal to the projected width of the pore perpendicular to the tensile stress. Such a defect generates a region of stress intensification in adjacent coplanar granular cubes. Any one of the grains is assumed to have failed when the associated tensile stress intensity factor resolved on its basal plane exceeds a critical value. Not surprisingly, the nearer the basal plane is to being perpendicular to the tensile stress, the greater is the stress intensity factor, and also the greater the probability of the basal planes cleaving. Since a granular cube can be of any orientation each will therefore have an associated probability of failure.
The granular failure probabilities can be combincd to give a probability that the defect will extend through one whole row of grains. In the event of this happening the new crack, now slightly longer than the original defect, will again be confronted by a row of gains and again there will be an associated probability of the crack extending through them. This probability will be higher than that for penetrating the first row because the greater length of this crack leads to a greater level of stress intensification adjacent to its tip. The product of the two probabilities is then taken to be the probability that the original dcfcct will extend through two grain rows. Repeated applications of this process may be used to determine the likelihood of a single defect causing long range failure. By considering the probable distribution of defects in a specimen and the stress fields local to them, their propensities for growth to failure are combined to give the specimen failurc probability.
The need to consider the arbitrary nature of the initial defects gives this modcl the facility to account for defect size and density distributions which have a spatial variation. However, the model was developcd only to the point of assuming defects to be two dimensional and, concentrating as it does on the growth to failurc of defects, it does not fully address the sub-critical The objective of this new model was to extend model B to describe stress-related physical properties other than fracture adequately (namely strain hysteresis and acoustic emission) and thereby to improve the physical basis of the model. IIb achieve this more sophisticated microstructural processes were proposed for the polycrystal in the vicinity of stressed crack-like defects.
In this model the pore population, which in practice is composed of pores of a distribution of geometries and sizes, is divided into categories of active and passive defects according to whether or not they are likely to initiate cracks on the application of stress. The sharper crack-like pores will tend to be the active ones because of the greater localized high stresses associatcd with them. Other than this distinction, it is proposed that both categories give rise, to some degree, to the same type of deformation behaviour within the nearby microstructure, as illustrated in figure 5. In the highly stressed material adjacent to the pore there will be potentially weakening features. Inter-granular boundaries and the basal planes of the individual crystallites will fail easily when they are near coplanar with the crack, while other porosities can be regarded as crystallite material with no resistance to cleavage. The combination of the presence of porosity and the clcavage of close, suitably oriented, granular boundaries in highly stressed material near to an active pore is assumed to give rise to grain deformation through crystallite shear. This process relieves the stress intensification adjacent to the active pore-in effect not dissimilar to the spread of plasticity ahead of a notch in a metal. Indeed, the model of Bilby d a1 [SI describing the latter process is used as the basis for the new approach to graphite failure. Such an elastic-plastic model of the crack and surrounding polycrystal enables the displacements of the material around the defect, as well as the opening of the pore itself under stress, to be rcprcsented.
For active pores, gains intersecting the crack edge havc essentially the same failure criterion as model B. These 'pinning' grains also have a random distribution of oricntation, and consequently have a probability of failure and therefore a probability of allowing the crack tip to advance through the microstructure to the next pinning grain. The pinning grains are taken to lie at the lattice points of a cubic array, again reflecting the methods of preceding models.
A probable extent of propagation can now be calculated for any active defect in any position within the graphite component under load in a similar manner to that of model B. Summing the probabilities of single active defects located anywhere within the component producing failure, the overall failure probability can be ascertained.
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Figure 5 The new model of graphite failure. me propagation of a Mack through the graphite polycrystal is determined by the failure d 'pinning' grains. m e failure of these grains is, in turn, determined by a combination of the magnitude of stress concentration along the open crack edge, and the amount of plastic material deformation in their vicinity.
Other methods and models
The essential features of the new model are in close agreement with experimental observations. For example, Jenkins [GI, in studies of tensile stress on polycrystalline graphite, found that shear and fracture proceeded easily along striations in the grist particles which were under shear, and that cracks travelled preferentially through the grist as opposed to the binder. From this he concluded that grist particles were the 'weakness' in the graphite studied, and the binder an inhibitor of fracture. More generally it would appear that large regions of similarly oriented crystals are more likely to fail than those consisting of a mozaic of small crystals. These regions are the pinning grains in the new model. Jenkins also observed that cracks travelled rapidly between pores (i.e. the initial defects of the new model), suggesting that these must influence the local stress field and that stable microcracks formed before the rial fracture event. These stable microcracks are also referred to as secondary cracking and are an important feature of the microstructure of polycrystalline graphite. These microcrack features are embodied in the new model's treatment of plasticity. Furthermore, Meyer and Buch [7] have used scanning electron microscopy (SEM) to study fracture in polycrystalline graphite, and, as in Jenkins' earlier work using an optical microscope, it was found that pores act as centres for crack initiation and termination and crack growth proceeds by failure of Nler particles along their highly ordered directions. Additionally, secondary cracking was Observed which combined into a single large crack when strain was increased.
Of course, model C has not been the only attempt at modelling the complexity of polycrystalline graphite failure processes. Most of the earlier models of graphite Fracture and microstructure of graphitas strength are based on the GriiEth failure criterion, for example the fracture mechanics model described in section 21. The underlying problem with applying the GrifEth criterion is that is only easily formulated for simplistic conditions, e. g. a penny-shaped crack in an infinite homogeneous material subjected to a uniform tensile stress, which is far from the truth in polycrystalline graphites. The resulting problem is, then, how to relate the terms in the Griffith criterion to the measurable polycrystalline graphite properties.
Early studies of tlacture made by Knibbs [SI using optical microscopy on several polycrystalline graphites which had a range of grain sizes led to similar observations to those of Jenkins [6] . Crack propagation was observed to arise from fracture of grains along their striations and growth along grainbinder boundaries It was also observed that well defined systems of secondary cracking arose when the crack tip entered a pore, and regions of low density impeded crack growth. These studies enabled Knibbs to formulate an expression for strength wmhich was related to the inverse square root of maximum grain size. When compared with the Griffith failure criterion, which does not explicitly mention grain size, this suggests a relationship between grain size and defect size.
Meyer and Buch [7l also attempted to derive effective grain sizes for various polycrystalline materials, by assuming a failure criterion related to grain size, and found that these were several times larger than the apparent grain size. This suggests that it is not exactly grain size which determines the strength of the polycrystal, but something closely related, perhaps porosity or the presence of cracks, such as those used in the new model.
The apparent proportionality between grain and defect size has also been observed by Anderson and Salkovitz 191 who found that the GrifEth failure criterion could be applied to polycrystalline graphite when the defect size was related to grain size. Furthermore, they found that fracture surface energy decreased in proportion to porosity, and that the effective grain size was related to the scale of regions of closely oriented grains. With these findings, Anderson and Salkovitz derived a formula for strength which was based on the fraction of porosity, grain size and number of aligned grains. The same authors [IO] also noted that the strength of a polycrystalline graphite is not solely determined by its critical stress intensity factor, with other microstructural features, e.g. porosity and grain size, having an effect. These features have, of course, been included in the new model.
Although these earlier models of polycrystalline graphite failure give an indication of the material mean strength, they are not capable of providing any information on the variability in strength. That is to say, at a given strcss thcy either predict failure or not, whereas it is hown from experiment that the variability of graphite strength can be a significant proportion of its mean value. Therefore, in order to construct models giving statistical information on strength, as the new model does, the mechanism of failure should be more closely modelled.
Brocklehurst Ill] noted that the material contains a large range of defect sizes, from microcracks to large voids, and that it exhibits a high degree of crystal basal plane shear. Under load, large voids are envisaged to concentrate stress, which, together with internal Mrozowski stresses, result in crystal basal plane shear. Once a critical value of ctystal shear is attained, new m'crocracks (in addition to the already present Mrozowski cracks) are formed. Combination of these microcracks occurs first within and then between grains as sufficient strain energy is accumulated to fracture grain boundaries. Eventually the combination of large pores and density of cracks gives rise to an effective crack size sufficient to cause macroscopic failure of the specimen.
Buch [ 121 developed a failure model based on some of these obscrvable features. The model associates a failure probability with each grain and determines the probability of sufficient grains failing such that they form a contiguous array of a size which satisfies the Griffith failure criterion. By associating an elastic strain with each of the probable arrays of failed grains the model is capable of predicting stress strain relationships. Buch has also shown that the model can be modified to take into account the effects of porosity, grain and pore size distributions, and grain orientation anisotropy. This model was the basis of model B.
In addition to the models of polycrystalline graphite failure described above, there have also been models developed for applicability to ceramics of a more gcneral nature. Buresch [13-151 has described the existence of a so called process zone in the vicinity of a crack tip in brittle composites such as graphite, alumina and concrete. The process zone exhihits nonlinear stressstrain bchaviour and is composed of an array of microcracks which may be formed spontaneously due to the anisotropy of inelastic strains of adjacent grains as a 898 result of the manufacturing process (e.g. thermal strains on cooling) and/or through the application of an applied stress. In either case the process zone absorbs applied strain energy through the formation of these microcracks, and hence contributes to the ceramic's toughness. It is envisaged that the microcracks propagate up to metastable barriers and eventually coalesce at some critical density to join existing cracks. The magnitude of the process zone and density of microcracks therein are affected by many microstructural features which include the inter-or trans-granular fracture surface energy and the size of the grains. Buresch established formulae relating these parameters and which enable the derivation of the dependence of fracture toughness on such parameters. There is evidently a great deal of overlap between the concept of a process wne and the mechanisms of microstructural failure dcscribed for polyclystalline graphite. However, there are some discrepancies. For example, although the process zone explains strain nonlinearity, it does not explain strain hysteresis, nor can it explain the occurrence of acousticemission on unloading and reloading of polycrystalline graphite specimens. These effects may be explained by the introduction of crystallite basal plane shear within the graphite grains.
Model performances
In these next sections the qualities of each of the fracture mechanics, model A, model B and new models are considered by comparing their predictions with experimental d3ta. Except in figure 8 (see later) the data are exclusively for the two CAGR graphite types, IM1-24 and VFT pitch coke.
Choice of the input parameters for model C with respect to these materials is summarized in The results using the fracture mechanics model and model A are as reported in the earlier review (I] . It should be noted that, whereas it has been emphasized that the Same dataset?. for each graphite type have been used throughout for model C, the datasets used in 111 for the other two models were not always so consistent 3.1. Source of data ?b demonstrate the development of the models, results from a variety of experiments have been collected together. The range of the chosen experiment?. firstly serves to provide a measure of how well the models predict trends in small specimen failure tests, in which cracking begins in a region of the graphite stressed in tension. Since model C represents a consolidation of model A and the fracture mechanics model, it is to be hoped that it will perform at least as well in situations where one or both of the earlier representations are successful. Secondly, experiments have been chosen to illustrate how features which were not accounted for in some models are described in later ones. In particular, the introduction of grain deformation through crystallite shear in model C gives rise to strain hysteresis and acoustic emission at low stress levels, not predicted by model B.
Unfortunately, it is not possible to compare the performances of all the models for each experiment.
In some cases the models simply cannot be used and within the context of the model the physical properly under examination is meaningless. In the model B formulation the authors have not applied their model to simulate many of the chosen experiments. Because model C supersedes this earlier approach, it is not deemed profitable to attempt such application in this review. each stress state are illustrated in figure 6 Also shown in figure 6 are the cumulative density functions for specimen failure as predicted by models A and C. The fracture mechanics model, embodying as it does a single representative defect which will invariably propagate under the same stress conditions, may not be applied to produce such curves. It can be clearly seen that both models provide an excellent degree of fit to the experimental bend strengths and, for model C, to the tensile strength as well, accurately predicting both the means and standard deviations.
The mean values reflect the strength of the volume of material under high stress and depend on the likelihood of a critical defect occurring. Thus for the tensile stress state, where the entire specimen volume is under tension, the strength is much lower than that of the four-point bend state, where only the upper half of the specimen is in tension and only a small fraction of that under high stress. The widths of the cumulative density c u r w correspond both to the scatters in the defect size and crystallite orientation and to the mean size of grains in the regions of local tensile stress in each of the stress states. This spread in strength is much more pronounced for tensile regions with a small volume, where only a few pores and gains dictate the failure probability, for example giving the three-point bend strength a much larger Standard deviation than that for pure tension. Cumulative density functions for the probability of specimen failure are given in figure 7 , corresponding to the three stress states, together with the predicted curves of models A and C. It should be noted that the experimental spccimens used for the tensile stress state were of circular cross section. Because in almost all other cases the specimens were rectangular in cross section, model Cis formulated to apply to such a specimen geometry. Rather than restructuring the calculational method to cope with the circular cross sectional geometry, a representative square cross section was chosen of identical perimeter to reflect the fact that pores near the specimen surface are more damaging than those remote from it. As in the pitch coke case, there is good agreement between the experimentally determined curves and those generated by model C 3.3. Grain size Figure 8 illustrates a relationship between strength and graphite type where the type is quantified using mean filler grain size. The experimental data points come 900 from results reported by Burchell [lS] and Meyer and Zimmer [19] .
Because the fracture mechanics model has no term corresponding to grain size, the strength predicted by this model is necessarily independent of this parameter, and the trend is a constant value of strength. Model A does depend on the gain size, however, and the degree of fit between the experimental and predicted strengths illustrated in the figure is clearly good. For this model, the predicted strengths were obtained under the condition that only grain size varied from graphite to graphite. However, this condition may not be entirely d i d , since clearly grain size is not the only microstructural property to change between graphite types. Therefore, in applying model C, the fit was improved by also increasing the size of the active pores proportionately as the mean grain size increased. This is morc representative of the differing types of polycrystalline microstructure since active pores are likely to be those formed during cooling from graphitization, the size of which is therefore bound to reflcct the extent of highly oriented regions of graphite.
It is clear that model C retains the characteristic dependence on grain size exhibited by model A, and for the same physical reasons. The larger the number of small grains in a given volume the geater is the number which are unfavourably oriented, Le. resistant to fracture. Thus, reducing grain size tends to increase strength and at the same time reduce scatter as the material becomes more homogeneous. These results are plotted in figure 9 , together with the experimental data and predictions of the other models. The decrease in strength observed in the fracture mechanics model is only a consequence of the geometric factor discussed above. On the other hand, modcl A also exhibits a decrease in strength, and this k due only to the increasing mlume of material under significant stress. Model C is able to take account of both effects and therefore shows the combined trends, giving a somewhat better fit to the data than either of its parent models.
IM1-24.
An analogous set of model material strengths can be predicted for IM1-24 gaphite, the stress state in this case being one of four-point bend.
Here, again, the cross sectional area of the spccimens was identical and only the separation of the knife edges varied. There is, howelver, no set of experimental results available equivalent to those in figure 9 for IMI-24 which would allow a direct comparison of these calculations with experiment. Brocklehurst [ll] , though, has reported data for four-point bend tests on IMI-24 graphite, where the data are collected from a range of specimen cross sections, and therefore a variety of specimen wlumes. TI ascertain whether a relationship exists between strength and specimen size, the model strengths are plotted as a function of specimen volume in figure IO. Despite the predictive range of model volumes being comparatively small, there is evidently qualitative agreement between the trends of the model A and C strengths, and those obtained by experiment in the range. However, model A does not show the same sensitivity to volume as experiment implies. This deficiency is accounted for by n c k e r ef a1 [I] through the fact that this model does not include a detailed treatment of stress analysis for a crack in a bending beam. Such a treatment is present in model C and from the tit illustratcd in the figure, it appears that it does indeed account for dependency.
The decrease in strength as small volumes are approached, by reducing cross sectional area in the experiment, is not suggested by either modcls A or C, where volume was made smaller by reducing knife edge spacing. This feature has been attributed [l] to microstructural failure in experiment by more than the one mode considered by the models, namely failure by a combination of tension and shear, as effectively the material hecomes relatively less homogeneous and more discrete.
Cross sectional area
In addition to the rcsults of four-point bend tests, Brocklehurst [ I l l has reported results for tensile tests on IMI-24 graphite. The specimens used in these tensile tests were of circular cross section. Just as in the case of four-point bend, the experimental data are presented as strength as a function of specimen volume, with little indication of the dimensions of the specimens.
However, an indirect comparison of model predictions for the effect of cross sectional area on tensile specimen strength a n he made by kccrping the length and cross section aspect ratio of the specimen constant, and considering the effect of volume on strength. by the models. The fracture mechanics model shows loose qualitative agreement, predicting the loss of strength at small volumes. Model A performs wen better, providing good quantitative agreement at large volumes, but producing a much stronger dependence at small volumes. These trends can be attributed to specimen failure occurring as a consequence of defects near the surface. For small volumes, a typical defect poses a much greater threat to the specimen strength, since the defect constitutes such a relatively large perturbation in the material structure. However, as the specimen volume increases, typical surface defects have a diminishing effect on the microstructure. A quantitative fit over the range of volumes is obtained using model C Both the flattening out of the strength at large volumcs and the decrease of strcngth at small volumes are predicted.
Stress gradient
It is possible to derive from bend experiments the value of the stress gradient at specimen failure. Fbr a specimen which fails at a low stress gradient, one might expect the strength to reflect that in pure tension, since the local stress will not change much across the length of the typical defects near the specimen surface. Similarly, the failure stress at a large stress gradient would not be expected to mirror tensile strength. One method of examining this hypothesis is to consider the specimen strength in bend tests where the stress gradient is changed by altering the specimen thickness.
The results of such a set of experiments have been were conducted using the three lull models. Clearly the fracture mechanics model gives the best fit and, together with model A, produces the best qualitative agreement with experiment. Here, model C does less well in predicting the trend at high stress gradients, although it does predict the loss of strength at low stress gradients. This is in keeping with the transformation from a bend to a tensile stress effect for near-surface defects. The reason that the stress drops markedly at high gradients for modcl C arises from the treatment of near-surface defects once they have penetrated the specimen surface. It is assumed that such defects result in notch-like cracks which cross the entire broken surface. This is clearly less likely for graphite sheets being bent out of plane, having a high stress gradient, than those bent in plane, having a low gradient. Thus a more realistic treatment of surface penetration by defects would tend to 'toughen' model C in this test geometry at high stress gradients.
3.7.
Bend/tensiIe strength ratio Figure 13 illustrates the result of combining a selected number of experimental data points from figures 11 and 12 to produce, for IM1-24 graphite, a ratio of bend to tensile strength as a function of volume. The experimental curve indicates that at small volumes there is a significant difference in strength for the two stress states, and that as volume increases this difference in strength reduces. It should be noted that this experimentally determined ratio corresponds to strengths from two geometric cross sections, the bend specimens being rectangular, and the tensile ones circular. A similar method was applied to the model data, taking the quotient of the strengths exhibited in figures 11 and 12 The fracture mechanics model has the correct qualitative relationship for this test; however, it lacks the quantitative agreement, showing too strong a dependency on volume. Modcl A pcrforms better but tends to underestimate the effect of volume exhibited by the experimental data. Model C generates an excellent Figure 13 . The variation of four-point bendltensile strength ratio in IM1-24 with specimen voiume. For the experiments and models, the data for evaluating this strength ratio was obtained from those which produced figures 10 and 11. Key as for figure 8.
fit to the experimental data, exhibiting more exactly the sensitive extrapolated relationship with volume. The reason for the difference in strength in different stress states depends on the volume of the specimen being considered. For large volume specimens the ratio of strengths arises from the volume of material under high stress, being very much less in bend specimens than tensile. At small volumes the increase in strength ratio is primarily a consequence of the drop in strength of specimens in a tensile state. This is almost certainly due to the larger ratio of high-stressed surface area to total surface area in tensile specimens, and the increasing threat from near-surface defects as volume decreases.
Notch sensitivity
A set of experiments on pitch coke graphite has been reported by Rose [20] which compares the relative strengths of specimens with V shaped notches cut in them. The strength of the notched specimen, normalized by the un-notched strength, is plotted against notch aspect ratio in figure 14 for three-point bend and figure 15 for four-point bend. Also shown on these graphs are the predictions of the models. The fracture mechanics model generates an excellent fit, whereas model A is evidently very sensitive to the presence of the notch, giving a much reduced strength for even relatively small notches for both stress states. This dependency on notch depth is a consequence of the critical defect size approaching the characteristic size of the grains. However, model C generates an excellent fit to the experimentally obtained data when considering the notched specimen in three-point bend. In the fourpoint bend stress state, it can be seen that the model overpredicts the strength of the specimens, but has the correct qualitative features. These curves were obtained for model C by treating a notched specimen as a 'superposition' of an un-notched specimen, and a sharp defect in an otherwise undefected specimen, as shown in figure 16 . An allowance has been made for end effects arising from the finitude of the specimen depth by treating sharp notch failure using an extension of the mechanism for defects. This simply assumes that, whereas defects would normally have a convex shape in their plane of propagation, the end effects of a finite width specimen on a notch will impose a concave shape to the propagating edge. Consequently, assisted by these edge effects, an enhanced stress intensity factor is generated. Furthermore, an allowance has been made for the presence of porosity and defects which will exist in the vicinity of the notch tip and which effectively extend the notch depth. This was achieved by supposing the isolated defect of the superposition to have a corresponding effective depth, rather than its nominal machined depth. Using this extended treatment it is found that a reasonable agreement in trend is attained for the WO bend stress states. polycrystalline graphite is illustrated in the hysteresis of the stress-strain curve, Here the graphite has been subjected to a tensile stress, fully relaxed, and an Identical stress reapplied. Key as for figure 8.
always predicts failure at the notch because the criterion for grain failure is critical resolved stress, which is exceeded in all cases by the high stresses generated at the notch tip. -_ -, model C shear.
stress may be greater than that which is suggested by their initial size in virgin material. Another source of strain is an elastic component arising from the stressing of relatively undefected polycrystallite. These two strain elements, together with that arising from elastioplastic deformation around active and passive pores, combine to give the complete stress-strain characteristic.
It should be noted that no significance can be placed on the relative magnitudes of the stress-strain curves illustrated in figure IS since, as indicated above, achievement of a given strain is known to affect the microstructure irreversibly, and therefore yield information about microstructural features. Thus, the achievement of the upper strain in the figure by the two models implies different microstructures so that the graphites cannot be considered the same, and hence cannot have identical Young's moduli (i.e. small strain behaviour).
Acoustic emission
The phenomenon of acoustic emission (AE) may be observed in polycrystalline graphite when an external stress field is applied to a sample specimen. It is generally attributed to the localized failure of microstructure, and is characterized by low-energy events for low stresses on previously unstressed graphite being replaced by high-energy events close to specimen failure. Typical AE curves for pitch coke and IM1-24 graphites are illustrated in figures 19 and 20, both of which feature emissions on the immediate application of stress.
The fracture mechanics model requires that the critical stress intensity factor is generated by the defect characteristic of the graphite type before any failure is observable. Furthermore, once this criterion has been met, catastrophic failure occurs, and, if the model could calculate it, the associated AE would appear instantaneously. On this basis the acoustic emission curve for this model would be a step function at the failure stress, as shown in figure 19 . generated by model A. This model has a source of acoustic events which in practice separates into distinct components, one being discrete cleavage of grains preceding the existence of a critical defect, and the other being the wholesale cleavage of grains on formation of the critical defect. Since the cleavage stress must exist before any grain fails, model A has a stress threshold for acoustic events. It is also evident from the results of the model that this discrete cleavage occurs most rapidly immediately above this threshold, which is at odds with experimental results.
As with the fracture mechanics model, model B requires a critical stress intensity factor to be exceeded before the microstructure in the vicinity of a defect changes in any way. Thus it implies that a nonzero stress must be applied for AE to occur. This is illustrated in figure 19 where emission does not appear below a stress threshold. On the other hand, if the process of grain deformation through crystallite shear is assumed, then in addition to pinning grain failure being an AE source, the inter-granular boundary failure and crystallite shear may also be a source. In model C , distinct energies of events are associated with the failure of pinning grains and the shearing of granular interfaces within the polycrystal, the highenergy events corresponding to grain failure and low energy to granular interface failure. These sources may be separated into the model B grain failure and model C crystallite shear curves as shown in figure 19 . It can be seen that the total model C representation of AE, which is the sum of these curves, does indeed predict low-energy events initially, followed by highenergy ones near failure. Furthermore, in agreement with observation, there is no threshold for AE.
Although not illustrated, it is of interest to note that the method of deriving AE from model C also accounts for the so called Kaiser effect where, on restressing a specimen, acoustic events are not observed until the previous stress maximum is exceeded. Since grain fracture and intergranular boundary failure events are 'once only' events, they will not be repeated on reapplication of a stress field but will resume at the highest preceding stress. Crystallite shear events are, however, reversible and therefore will be present as background emission at all changing stress states. Furthermore, the two irreversible sources of AE are associated with different energy events, and therefore the Kaiser effect is anticipated to be observable in the lower energy band only below the fracture events threshold stress, and in both energy bands above.
This explanation of the source of some of the AE events is borne out by Ioka and Yoda [21] who studied AE arising from the elastic-plastic deformation of isotropic and anisotropic graphites under tension and compression. They related the continuous and 'burst' AE to basal plane slip and fracture within the polycrystal respectively. Differences in plastic deformation and AE of the two graphites were related to their distinct microstructures. Furthermore, a strong relationship between root mean square (RMS) AE and plastic deformation was observed. In particular, for the isotropic graphite, the compressive stress state exhibited reversed plastic deformation and AE under unloading, which disguised the Kaiser effect on reloading, whereas the tensile state, which had little reverse plastic deformation and AE on unloading exhibits the Kaiser effect. loading Of a pre-stressed specimen predominantly arises geometries, the defect is assumed to mansform from being penny shaped *to a crack which extends laterally across the entire broken surface, and this is clearly less likely for wide specimens than narrow. Also, figure 15 indicates that the treatment of a notched specimen as a superposition of a sharp notch and an un-notched specimen leads to a variation of four-point bend strength which does not exhihit the same sensitivity to the depth of the notch. Thus, although model C performs satisfactorily for specimens which are reasonably cuboid, and is therefore suitahle for describing the majority of structural uses to which graphite is put, development It can be seen that in almost every case the is requircd hcfore the model can be applied with confidence to extremes of geometly, whether these are from low-energy events.
Discussion
This review of the performance of the newly developed model C against experimental data, and against earlier models, has followed the same pattern as the earlier assessment of ntcker et a1 [I] . Figure 21 illustrates, in a similar manner, the performances of the four models.
new model has inherited the successes of the fracture the experimentally observed frequency and energy of events from tensile stressed specimens.
(5) Because of its physical basis the model could usefully be extended to include the effects of corrosion and fast neutron irradiation in order to be applicable to the behaviour of nuclear graphites in reactor environments.
(6) Because of its demonstrated validity for a wide range of stress conditions the model could profitably be included in a finite element stress analysis program to extend its applicability to more complex geometric loading situations. thin sheets, or discontinuous surfaces.
There are several areas which are of particular importance in reactor technology and in which the model has not yet been applied. These include consideration of specimen stress modes other than tensile or three-or four-point bend, for example hoop stresses generated through differential fast-neutron induced shrinkage and thermal contraction in CAGR core bricks, and failure under compressive stress fields rather than tensile. Also, the treatment of repetitive loading, which results in effecrs such as fatigue, remains to be developed, and the effect on strength of hydrostatic pressure needs to be investigated. In addition, there are effects which are specific to the reactor environment. For example, irradiation damage to the structure of individual graphite crystallites, which alters their strength, should be taken into account and compared with existing experimental data on irradiated gaphite specimens. Furthermore, the chemical effect of corrosion, by either thermally or radiolytically activated gas species, and its effect in changing the pore size distribution in nuclear gaphites, remains to be considered.
Finally, attention should be drawn to the applicability of model C in the development of finite element stress analysis codes, and their treatment of polycrystalline materials. In particular, the model has the capacity to handle the effects of rapidly changing stress fields within a component, such as may arise in the vicinity of sharp corners. The criterion being based on microstructural behaviour and shown to be valid for two nuclear graphites used in CACR conditions over a wide and wried range of experimental situations could be particularly useful in determining, from finite element stress analyses, the theoretical strength of gaphite components and their subsequent cracking behaviour.
Conclusions
(1) Based on an amalgamation of two earlier graphite failure models, a new approach (here referred to as model C) has been demonstrated to be very successful in describing a wide range of experimental failure data for VFT pitch coke and IM1-24 graphites. The agreement has been demonstrated using a consistent set of materials property data for both graphites, mer all the experiments.
(2) The model allows a sharp notch to be treated as an additional large pore, thereby giving good agreement with experimental observation of notched specimen strength. Also, the fraction of notched specimens failing at the notch may now be described qualitatively using model C, whereas with the earlier models only crude results were achievable.
(3) Introduction of non-conservative microstructural processes has allowed strain hysteresis to be predicted uniquely under the action of three stress half-cycles.
(4) These same non-conservative microstructural processes can be associated with a component of acoustic emission which, together with a component attributed to pore extension by cracking, accounts for
